n-ZnO/p-Si heterojunction light-emitting diodes ͑LEDs͒ show weak defect-related electroluminescence ͑EL͒. In order to analyze the origin of the weak EL, the energy band alignment and interfacial microstructure of ZnO/Si heterojunction are investigated by x-ray photoelectron spectroscopy. The valence band offset ͑VBO͒ is determined to be 3.15Ϯ 0.15 eV and conduction band offset is −0.90Ϯ 0.15 eV, showing a type-II band alignment. The higher VBO means a high potential barrier for holes injected from Si into ZnO, and hence, charge carrier recombination takes place mainly on the Si side rather than the ZnO layer. It is also found that a 2.1 nm thick SiO x interfacial layer is formed at the ZnO/Si interface. The unavoidable SiO x interfacial layer provides to a large number of nonradiative centers at the ZnO/Si interface and gives rise to poor crystallinity in the ZnO films. The weak EL from the n-ZnO/p-Si LEDs can be ascribed to the high ZnO/Si VBO and existence of the SiO x interfacial layer.
I. INTRODUCTION
Wide band gap semiconductors are of great interest in short wavelength optoelectronic applications, and wurtzite ZnO is one of the promising materials for light-emitting diodes ͑LEDs͒ and laser diodes because of its large band gap ͑3.37 eV͒ and high exciton binding energy ͑60 meV͒ at room temperature ͑RT͒.
1-3 Although ZnO p-n homojunction LEDs have been fabricated, reliable and reproducible production of p-type ZnO films is still challenging and the efficiency and intensity observed from ZnO homojunction LED electroluminescence ͑EL͒ is still very low. [4] [5] [6] As an alternative approach, p-n heterojunction LEDs with ZnO as the n-type layer has been proposed. Most work on ZnO heterojunction LEDs has focused on the p-GaN substrate because of the similar bandgap, small lattice constant mismatch of 1.8%, and identical wurtzite crystal structure between ZnO and GaN. Recently, ZnO/Si heterojunction LEDs have been extensively studied, and ultraviolet ͑UV͒ and visible EL has been achieved from n-ZnO/ n + -Si, n-ZnO/p-Si, as well as ZnO nanowires on p-Si substrates. [7] [8] [9] [10] These results indicate that the ZnO/Si heterojunctions have great potential in LED applications. However, at present, the efficiency of ZnO/Si LEDs is still very low. To improve the performance of the ZnO/Si LEDs, it is necessary to understand the physical properties of the ZnO/Si interface, especially the energy band alignment and interfacial microstructure, which determine the carrier transport and recombination processes. 11 Up to now, however, the band alignment and interfacial microstructure of ZnO/Si have not been studied in details. In the work described in this article, n-ZnO/p-Si heterojunction LEDs are fabricated, and energy band alignment and interface microstructures of the n-ZnO/p-Si heterojunction are investigated by x-ray photoelectron spectroscopy ͑XPS͒. A type-II band alignment with a conduction band offset ͑CBO͒ of −0.90Ϯ 0.15 eV and a valence band offset ͑VBO͒ of 3.15Ϯ 0.15 eV are found. Furthermore, an unavoidable SiO x interfacial layer with a thickness of 2.1 nm is observed between ZnO and Si substrate and the weak EL of the n-ZnO/ p-Si LEDs can be ascribed to the high VBO and the presence of the SiO x interfacial layer.
II. EXPERIMENTAL DETAILS
The n-ZnO/p-Si heterojunction LEDs were fabricated by depositing ZnO thin films on p-Si ͑111͒ substrates using a radio frequency magnetron sputtering apparatus equipped with a ZnO ͑99.99%͒ ceramic target. The Si substrates were sequentially cleaned ultrasonically by acetone, ethanol, and deionized water. To etch the native SiO x layer from the Si surface, the Si substrates were dipped in a 5% HF solution for 1 min. Finally, they were rinsed with deionized water, blown dried with nitrogen, and placed in the deposition chamber. To guarantee complete removal of the native SiO x layer, the Si substrates were sputtered by 1 keV Ar + with for 5 min prior to ZnO deposition. The sputtering chamber was evacuated to a base pressure of 1.0ϫ 10 −5 Pa, and then filled with the working gas ͑pure Ar͒ to a pressure of 1.0 Pa. The thickness of the ZnO films was about 1 m. The detailed growth conditions of the ZnO films can be found in our previous reports. 12 After ZnO deposition, Au ͑100 nm͒/Ti ͑20 nm͒, and Al ͑100 nm͒ were successively sputtered as the a͒ Author to whom correspondence should be addressed. Electronic mail: xwzhang@semi.ac.cn. electrodes on the n-ZnO and p-Si, respectively. Afterwards, the samples were rapid thermal annealed at 400°C for 1 min under nitrogen to obtain reliable Ohmic contacts.
In the x-ray diffraction ͑XRD͒ measurements in a −2 mode, a Panalytical X'Pert-MPD Pro diffractometer with a Cu K ␣ x-ray source was used. The I-V measurements of ZnO/Si heterojunctions were carried out with a Keithley 2400 source meter. The EL spectra of the n-ZnO/p-Si heterojunction LEDs were measured by a F4500 Hitachi fluorescence spectrophotometer. The XPS measurements were carried out on a PHI Quantera SXM instrument with Al K ␣ ͑energy of 1486.6 eV͒ as the x-ray radiation source, which had been carefully calibrated utilizing work function and Fermi energy level ͑E F ͒. In the XPS experiments, three samples were used, namely, a 1000 nm-thick ZnO film ͑ZnO thick film͒ grown on p-Si ͑111͒ substrate, a p-Si ͑111͒ substrate, and a 5 nm-thick ZnO on a p-Si ͑111͒ substrate ͑ZnO/Si interface͒. To reduce the contamination effect, all the samples were subjected to a surface clean procedure by Ar + bombardment in the vacuum chamber equipped in the XPS instrument and reduced a thickness of 0.5-1.5 nm as calculated by the sputtering rate. The other detailed procedures can be found in our previous report. Figure 1 shows the XRD pattern of a typical ZnO film deposited on p-Si ͑111͒ substrate. Besides the substrate diffraction peak at 28.25°, only two peaks at 34.48°and 72.58°c orresponding to the ͑0002͒ and ͑0004͒ diffraction of ZnO occur, demonstrating that the ZnO thin films are fabricated along a c-axis orientation on the Si ͑111͒ substrate. To further study the crystallinity of the ZnO film, the rocking curve of ZnO ͑0002͒ reflection was acquired and the corresponding result is shown in the inset of Fig. 1 . The full width at the half maximum ͑FWHM͒ is about 1°which is close to the values of ZnO films deposited on Si by metal-organic chemical vapor deposition.
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III. RESULTS AND DISCUSSION
14 According to the epitaxial relationship between ZnO and Si ͑111͒, ZnO ͑0001͒ ϫ͓11-20͔ ʈ Si͑111͒ ͓10-1͔, the lattice mismatch is about 15.4%, 14 which is close to and even smaller than the mismatch between ZnO ͑0001͒ and c-plane Al 2 O 3 ͑ZnO/Al 2 O 3 lattice mismatch is 18% after 30°in-plane rotation 15 ͒. However, the crystallinity of ZnO on Si ͑111͒ is far inferior to that of ZnO on c-plane Al 2 O 3 under the same deposition conditions. It can be ascribed to the inherent interfacial SiO x layer between ZnO and Si. Such an interfacial layer can be identified by XPS and it will be discussed later.
The current-voltage ͑I-V͒ curve acquired from the n-ZnO/p-Si is depicted in the inset of Fig. 2͑a͒ . It can be clearly seen that the ZnO film forms a good rectifying diode with the p-type Si substrate. The turn-on voltage is as low as 0.7 V, which shows that the ZnO/Si LED can work at lower voltages. Under a reverse bias, the ZnO/Si heterojunction breaks down at about Ϫ5 V, and the leakage current reaches about 0.1 A. It has been reported that the large leakage current is mainly due to the defect-mediated tunneling effect caused by the high defect concentration or trap centers in the interfacial layer. 16 EL can be observed from the n-ZnO/p-Si LEDs at RT when a positive voltage is applied to the p-Si substrate, while no EL is detected under reverse biasing. The EL spectra of the emission with current injections from 80 to 180 mA are shown in Fig. 2͑a͒ . Under forward biasing, the defect-related emission dominates the EL spectra. With increasing injection currents, the EL intensities increase but the emission is still weak. The emission at lower injection current is centered at 650 nm and it shifts to higher energy with increasing current.
To illustrate the origin of the EL, the PL spectrum of the ZnO film was obtained and the corresponding result is exhibited in Fig. 2͑b͒ . The PL spectrum reveals a significant UV emission located at 376 nm corresponding to the near band emission of ZnO and a weak broad emission from 400 to 700 nm related to the oxygen vacancies. 8 Strong UV emission is achieved by PL but only weak defect-related emission can be observed from the EL spectra even if a larger current is injected. The PL intensity depends on the recombination of nonequilibrium carriers in the top ZnO layer, whereas the EL intensity is determined by carrier recombination at the space charge region of the heterojunctions. The latter is related to the energy band alignment and interfacial microstructure between the ZnO films and Si substrates.
The VBO of the ZnO/Si heterojunction can be calculated according to Kraut's method 17 as follows:
where E i s denotes the energy of feature i in sample s. The Zn 2p 3/2 and Si 2p core levels ͑CL͒ are used in Eq. ͑1͒ but the Zn 2p 3/2 and Si 2s peaks can be used equally. 18 To obtain the band offset and interfacial microstructure of the ZnO/Si heterojunction, XPS measurements are carried out and the corresponding results are shown in Fig. 3 . The CL spectra are fitted to the Voigt line shape by employing a Shirley background and the binding energy for the CL peaks are taken as the energy corresponding to the maximum intensity. 13, 18 The error in the CL positions should be smaller than Ϯ0.05 eV, as evaluated by numerous fittings with different parameters. Figure 3͑a͒ shows the Zn 2p 3/2 CL spectra of the ZnO film and the ZnO/Si interface and the unique symmetric Zn 2p 3/2 peak is observed from both samples. In the thick ZnO film, the Zn 2p 3/2 peak is located at 1021.03 eV, corresponding to the Zn-O bond, 13 whereas the Zn 2p 3/2 CL peak in the ZnO/Si interface is slightly shifted to 1021.91 eV.
A thin native SiO x layer exists on the Si substrates even after etching by HF ͑XPS result not shown here͒ implying that this SiO x layer cannot be completely removed by HF or the Si substrates are reoxidized in air during storage. The CL Fig. 3͑b͒ . Only a unique symmetric peak at 99.29 eV corresponding to the Si-Si bond is found and no Si-O bond signal is detected, indicating the uniform bonding state. Obviously, the native SiO x layer on the Si substrates has been completely eliminated after 1 keV Ar + sputtering for 2 min. To guarantee complete removal of the SiO x layer, the Si substrates were sputtered by 1 keV Ar + for 5 min prior to ZnO deposition. At the ZnO/Si interface, the Si 2p peak corresponding to Si-Si bond is slightly shifted to 98.81 eV. The most important feature in this figure is that a significant peak appears at 102.11 eV that can be attributed to the bonding configuration Si-O, i.e., SiO x . 19 Therefore, it can be safely concluded that a thin SiO x layer is formed at the ZnO/Si interface during growth of the ZnO films. Compared to thermally oxidized SiO 2 , the Si 2p peak shifts towards a lower binding energy from 103.50 to 102.11 eV. This can be due to the reaction between ZnO and the Si substrate resulting in the formation of an interfacial suboxide SiO xϽ2 . 20 The thickness of the SiO x interfacial layer is calculated later by a three layer ͑ZnO/SiO x /Si͒ model and it will be discussed later in this paper.
The valence band ͑VB͒ spectra of the thick ZnO film and Si substrate are presented in Fig. 3͑c͒ . The valence band maximum ͑VBM͒ positions are determined by linear extrapolation of the leading edges of the VB spectra obtained from the thick ZnO film and Si substrate to the base lines. 13, 21 The main uncertainty of the VBO value stems from the difficulty in determining the VBM position exactly. The scattering in the data relative to the fit is estimated as an error in VBM positions of Ϯ0.1 eV. VBM values of 1.90Ϯ 0.10 eV and 0.14Ϯ 0.10 eV are deduced from the VB spectra of the thick ZnO film and Si substrate by linear fitting, respectively. By substituting these values into Eq. ͑1͒, the VBO is calculated to be 3.12Ϯ 0.15 eV. To improve the accuracy of the VBO value determined by XPS, the Zn 2p 3/2 and Si 2s peaks are combined to determine the VBO of the ZnO/Si heterojunction. The Si 2s CL spectra acquired from the Si substrate and ZnO/Si interface are displayed in Fig. 3͑d͒ . As expected, the unique symmetric Si 2s peak is observed from the Si substrate and two peaks at 150.01 and 153.05 eV, corresponding to Si-Si and Si-O bond, are detected for the ZnO/Si interface. Similarly, the VBO of ZnO/Si is calculated to be 3.17Ϯ 0.15 eV. The VBO values calculated for the two combinations of CLs are well within the experimental error, suggesting that the results are statistically significant and reliable. To reduce the experimental error, the VBO value is calibrated to be 3.15Ϯ 0.15 eV by averaging the two VBO values and it is much larger than the value ͑2.55 eV͒ estimated from electron affinity. 7 Finally, the CBO ⌬E C can be estimated from the formula ⌬E C = E gZnO − E gSi − ⌬E V . Taking RT band gaps of 3.37 and 1.12 eV for ZnO and Si, respectively, the ZnO/Si interface is found to have a type-II band line-up with a corresponding CBO value of −0.90Ϯ 0.15 eV.
The thickness of the SiO x layer can be determined using a three layer model. 22 In the ZnO/SiO x /Si structure, the signals from Si and SiO x can be expressed by the following equations: where I Si and I SiO x are the integral intensities of the photoelectrons from Si and SiO x , I Si ϱ and I SiO x ϱ are the integral intensities of the photoelectrons from infinitely thick Si and SiO x films, is the photoelectron collecting angle ͑in this study, = 45°͒, t SiO x and t ZnO are the thicknesses of the SiO x and ZnO layers, and SiO x and ZnO are the photoelectron mean free paths in SiO x and ZnO, respectively. According to Eqs. ͑2͒ and ͑3͒, the thickness can be expressed as:
͑4͒
In this study, the Si 2p photoelectrons are employed to calculate the thickness of the SiO x layer. The ratio of I SiO x / I Si extracted from Fig. 3͑b͒ is about 0.9, and taking SiO x = 2.7 nm and I SiO x ϱ / I Si ϱ = 0.43, 23 the thickness of the SiO x interfacial layer is calculated to be 2.1 nm. Similarly, Liu et al. 24 have reported that a thin layer of SiO 2 with a thickness of 1.5 nm, as determined by ellipsometry, is formed at the ZnO/Si interface. In fact, a SiO x interfacial layer has also been confirmed by high resolution transmission electron microscopy in ZnO/Si ͑Ref. 25͒ and TiO 2 / Si ͑Ref. 26͒ systems in previous reports.
On account of the formation of the SiO x interfacial layer, the ZnO/Si heterojunction is composed of two interfaces, i.e., ZnO/SiO x and SiO x /Si. Their band offset values are required to illustrate the energy-band diagrams of the ZnO/SiO x /Si system. The band offset values ͑⌬E C = 4.70 eV, ⌬E V = 0.93 eV͒ of the ZnO/SiO x interface have been measured in our previous work, 13 and the VBO for the SiO x /Si interface can be estimated by applying the empirical transitivity rule. 27 Using the transitivity rule, the VBO of SiO x /Si can be calculated to be 4.08 eV, while Alay et al. 19 obtained a VBO of 4.36 eV for the SiO 2 /Si ͑100͒ interface based on the valence band density of states by employing high resolution XPS. The small deviation may be attributed to the large interfacial mismatch in the ZnO/SiO x /Si system and/or slight difference in the properties of SiO x layers. Considering the SiO x interfacial layer in ZnO/Si, the band alignment is illustrated in Fig. 4 .
As shown in Fig. 4 , the SiO x interfacial layer leads to barriers of 4.70 and 4.08 eV for electrons and holes, respectively. However, the injected electrons from the ZnO layer and holes from the Si substrate can tunnel through the barrier if the CBO and VBO of the ZnO/Si heterojunction are not too high since the SiO x interfacial layer is very thin ͑ ϳ2 nm͒. Therefore, whether or not the carriers can be transported through the interface depends on the band alignment of ZnO/Si. Because the CBO ͑0.9 eV͒ of ZnO/Si is rather low and the nominally undoped ZnO typically exhibits n-type conductivity with a carrier concentration of 10 17 cm −3 , 12,28 electrons can be easily injected from ZnO into p-Si. However, the ZnO/Si VBO of 3.15 eV means a high potential barrier for the holes injected from the Si into ZnO and hence, limited holes are injected into the ZnO from Si by tunneling. As a result, charge carrier recombination takes place mainly on the Si side rather than the ZnO layer, leading to the low efficiency of ZnO/Si LEDs 7-10 since Si is an indirect band-gap semiconductor. On the other hand, the SiO x interfacial layer formed during the growth of the ZnO film introduces a large number of nonradiative centers at the ZnO/Si interface. Furthermore, the crystallinity of ZnO films on Si is worse than that of the sample grown on saphire or GaN substrates as demonstrated by the wider FWHM of ZnO ͑0002͒ rocking curve ͑the inset in Fig. 1͒ . These factors do not favor the EL of ZnO/Si heterojunction LEDs.
To improve the performance of ZnO/Si heterojunction LEDs, the following should be considered. First, the electrons should be effectively confined in the ZnO layer. Second, the SiO x interfacial layer must be suppressed and third, the crystallinity of ZnO should be improved. Fortunately, it has been demonstrated that a high electron barrier layer exists between the ZnO and wide band-gap materials, e.g., ZnO/MgO ͑CBO= 3.59 eV͒, 21 and ZnO/AlN ͑CBO = 3.29 eV͒, 18 indicating MgO and AlN can act as an electron barrier for ZnO. More importantly since MgO and AlN are highly stable, the interface layer can be reduced and even eliminated after inserting them into ZnO/Si heterojunctions. Additionally, it has been recently shown that deposition of a thin MgO ͑Ref. 29͒ or AlN ͑Ref. 30͒ buffer layer on Si ͑111͒ can significantly improve the epitaxial quality of the ZnO film due to reduced mismatch between the ZnO and Si. Based on these potential advantages, MgO and AlN buffer layers may be good candidates to improve the performance of ZnO/Si heterojunction LEDs and further work is underway.
IV. CONCLUSION
In summary, n-ZnO/p-Si heterojunction LEDs have been fabricated but only weak defect-related EL is observed. The energy band alignment of the ZnO/Si is determined by XPS. A type-II heterojunction is formed between ZnO and Si with a VBO of 3.15Ϯ 0.15 eV and CBO of −0.90Ϯ 0.15 eV. With this band alignment, electrons can be easily injected from the ZnO into p-Si by tunneling, while limited holes are injected into the ZnO from Si. As a result, charge carrier recombination takes place mainly on the Si side rather than the ZnO layer. A 2.1 nm thick SiO x interfacial layer is formed at the ZnO/Si interface during fabrication of the ZnO film. This unavoidable SiO x interfacial layer produces a large number of nonradiative centers at the ZnO/Si interface and results in poor crystallinity in the ZnO films. Both of these factors do not bode well for the EL from the ZnO/Si heterojunction LEDs. 
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